In this paper, we classify nucleotide sequences and their positions of influenza A viruses by using both nucleotide sequence kernels and phylogenetic tree kernels. In the nucleotide sequence kernel, we regard a nucleotide sequence as a vector, a multiset and a string. In the phylogenetic tree kernel, we use a relabeled phylogenetic tree obtained by replacing the labels of leaves that are indices of nucleotide sequences in the reconstructed phylogenetic tree from a set of nucleotide sequences with the nucleotides at a fixed position and trimmed phylogenetic trees obtained by trimming the branches in the relabeled phylogenetic tree with same leaves as possible. Then, we observe which of kernels are effective the classification of nucleotide sequences as analyzing pandemic occurrences and regions and the classification of positions in nucleotide sequences as analyzing positions in packaging signals.
INTRODUCTION
In this paper, we classify nucleotide sequences and their positions of influenza A viruses by using nucleotide sequence kernels and phylogenetic tree kernels through LIBSVM (Chang and Lin, 2013) .
In the nucleotide sequence kernels, we use a naïve kernel, a multiset kernel (Gärtner, 2008 ) and a spectrum string kernel (Leslie et al., 2002) by regarding a nucleotide sequence as a vector, a multiset and a string, respectively.
On the other hand, in the phylogenetic tree kernels, we prepare relabeled phylogenetic trees obtained by replacing the labels of leaves that are indices of nucleotide sequences in the reconstructed phylogenetic tree from a set of nucleotide sequences with the nucleotides at a fixed position, and trimmed phylogenetic trees obtained by trimming the branches in the relabeled phylogenetic tree with same leaves as possible. Then, we use an agreement subtree mapping kernel ) and a leaf-path kernel to classify relabeled or trimmed phylogenetic trees.
As the target of classification of nucleotide se-quences, we classify nucleotide sequences of pandemic viruses from ones of non-pandemic viruses, called pandemic classification, and nucleotide sequences at one region from ones at other regions, called regional analysis, for influenza A (H1N1) viruses as similar as Makino et al., 2012b; Shimada et al., 2013) . As the target of classification of positions in nucleotide sequences, we classify positions in packaging signals from ones not in packaging signals, called packaging signal analysis for influenza A (H3N2) viruses as similar as (Makino et al., 2012a; Shimada et al., 2012) . Hence, we observe that both the nucleotide sequence kernels and the phylogenetic tree kernels are effective to the pandemic classification. Also the nucleotide sequence kernels and the leaf-path kernel are effective to the packaging signal analysis. Furthermore, the phylogenetic tree kernels but none of nucleotide sequence kernels are effective to the regional analysis.
set of nucleotide sequences has the same length.
First, we regard a nucleotide sequence as a vector on Σ. For x, y ∈ Σ, we define δ 1 (x, y) = 1 if x = y; 0 otherwise. Also we define δ 2 (x, y) = 1 if x = y; 1/2 if (x, y) = (A, T), (T, A), (C, G), (G, C) (that is, base pairs are weighted); 0 otherwise. Then, we define a naïve kernel K j ( j = 1, 2) for two vectors X = (x 1 , . . . , x n ) and Y = (y 1 , . . . , y n ) (x i , y i ∈ Σ) on Σ as follows.
Next, we regard a nucleotide sequence as a multiset. We call X ⊆ Σ × N a multiset on Σ. For a multiset X, let Γ X (x) denote an n such that (x, n) ∈ X. Then, we define a multiset product kernel K × and a multiset intersection kernel K ∩ for two multisets X and Y on Σ as follows.
Finally, we regard a nucleotide sequence as a string on Σ. For a string X ∈ Σ * and a substring s ∈ Σ * of X, let Γ X (s) be the number of occurrences of s in X. Also, for k ∈ N, let Σ k be {s ∈ Σ * | |s| = k}. Then, we define a spectrum string kernel K k S for two strings X and Y on Σ as follows.
PHYLOGENETIC TREE KERNELS
A tree is a connected graph without cycles. For a tree T = (V, E), we denote V by V (T ) and v ∈ V (T ) by v ∈ T . A rooted tree is a tree with one node r chosen as its root. For each node v in a rooted tree with the root r, let UP r (v) be the unique path from r to v. The parent of v( = r), which we denote by par (v) , is its adjacent node on UP r (v) and the ancestors of v( = r) are the nodes on UP r (v) − {v}. We say that u is a child of v if v is the parent of u, and u is a descendant of v if v is an ancestor of u.
In this paper, we use the ancestor orders < and ≤, that is, u < v if v is an ancestor of u and u ≤ v if u < v or u = v. We say that w is the least common ancestor of u and v, denoted by u ⊔ v, if u ≤ w, v ≤ w, and there exists no w ′ such that w ′ < w, u ≤ w ′ and v ≤ w ′ . Two nodes with the common parent are called siblings. A leaf is a node having no children. We denote the set of leaves of a rooted tree T by lv(T ). For nodes v, w ∈ V , we denote a path between v and w by p (v, w) . Also we denote the number of edges in a path p (v, w) by ne (v, w) . It is obvious that ne (v, v) 
A rooted tree is unordered if an order between siblings is ignored. A rooted tree is leaf-labeled if just leaves are labeled by some symbols drawn from Σ and full binary if every internal node has just two children. We denote the label of a leaf v in Σ by l(v). We call a rooted unordered leaf-labeled full binary tree a phylogenetic tree. As a reconstruction of a phylogenetic tree from a set of nucleotide sequences, we adopt a neighbor joining method (cf., (Durbin et al., 1998; Sung, 2009) ) based on the Hamming distance between nucleotide sequences.
Let S be a set of nucleotide sequences with length n and T a phylogenetic tree reconstructed from S. Then, we can obtain n phylogenetic trees by relabeling an index of S assigned to the leaves in T with the i-th nucleotide in S (1 ≤ i ≤ n), which we call a relabeled phylogenetic tree at the position i. Furthermore, we call the phylogenetic tree obtained by applying the label-based closest-neighbor trimming method (Makino et al., 2012b; Makino et al., 2012a) to the relabeled phylogenetic tree at the position i the trimmed phylogenetic tree at the position i.
In the remainder of this section, we introduce an agreement subtree mapping kernel and a leaf-path kernel as phylogenetic tree kernels.
Let T 1 and T 2 be phylogenetic trees. Then, we say that M ⊆ V (T 1 ) ×V (T 2 ) is a mapping between T 1 and T 2 if M satisfies the following conditions.
Let T 1 and T 2 be phylogenetic trees and M a mapping between T 1 and T 2 . Also let M lv be M ∩ (lv(T 1 ) × lv(T 2 )). Then, we say that M is an agreement subtree mapping if M satisfies the following conditions.
Definition 1. Let T 1 and T 2 be phylogenetic trees. Then, an agreement subtree mapping kernel is the number of all of the agreement subtree mappings between T 1 and T 2 and denote it by K AM (T 1 , T 2 ). For a phylogenetic tree T and v, w ∈ lv(T ), we denote the frequency of a path p (v, w) 
Definition 2. Let T 1 and T 2 be phylogenetic trees labeled by Σ. Then, the leaf-path kernel K LP (T 1 , T 2 ) between T 1 and T 2 is defined as follows, where
For example, consider the trees T 1 and T 2 in Figure 2 (upper). Then, we obtain f T 1 (a, b, k) and
We denote an agreement subtree mapping kernel (resp., a leaf-path kernel) for trimmed and relabeled phylogenetic trees by K t AM and K r AM (resp., K t LP and K r LP ), where we use K r AM just in Table 2 .
CLASSIFICATION OF NUCLEOTIDE SEQUENCES
In the classification of nucleotide sequences, we divide a set of nucleotide sequences into positive and negative examples. Then, in the phylogenetic tree kernels, we use two different phylogenetic trees reconstructed from positive and negative examples, respectively. Hence, the number of relabeled and trimmed phylogenetic trees obtained from positive examples is same as one from negative examples, which is the length of nucleotide sequences. On the other hand, the number of leaves in a relabeled phylogenetic tree obtained from positive examples is different from one from negative examples, which is the number of nucleotide sequences.
Pandemic classification
In pandemic classification, we use 3670 nucleotide sequences at 2008 and 2009 provided from NCBI (Bao et al., 2008) . The length of nucleotide sequences is 895, the number of nucleotide sequences in non-pandemic viruses occurring at 2008 is 326 and one in pandemic viruses occurring at 2009 is 3344. Table 1 illustrates the F-value and the AUC of 5-fold cross validation classifying nucleotide sequences in non-pandemic viruses from ones in pandemic viruses by using all the kernels through LIB-SVM (Chang and Lin, 2013) . Table 1 : The classification of nucleotide sequences in nonpandemic viruses from ones in pandemic viruses. The classification of randomly selected 400 nucleotide sequences in non-pandemic viruses from ones in pandemic viruses. Table 1 and 2 shows that, in the pandemic classification, all of the nucleotide sequence and the phylogenetic tree kernels succeed to classify well.
Regional Analysis
In regional analysis as an extension of the experimental result of , we divide 3670 nucleotide sequences at 2008 and 2009 into seven regions as Africa (AF), Asia (AS), Europe (EU), Middle East (ME), North America (NA), Oceania (OC) and South America (SA). Table 3 illustrates the number of nucleotide sequences (#NS) and the number of phylogenetic trees (#PT) obtained by removing the positions with the same nucleotide in seven regions. Table 4 illustrates the F-value and the AUC of 5-fold cross validation classifying nucleotide sequences in one region given at the first line from nucleotide sequences in the other regions by using all the kernels. Table 4 : The classification of nucleotide sequences in one region given at the first line from ones in the other regions.
AF AS EU ME NA OC SA Table 4 shows that, in regional analysis, while the nucleotide sequence kernels fail to classify, the phylogenetic tree kernels succeed to classify well, except K t AM for the regions of ME and OC. In particular, for the spectrum string kernel K k S , the larger value k tends to give the better performance except the regions of AF and SA; in their regions, the F-value of K 4 S is larger than the F-value of K 5 S . Then, even if we give the value of k larger than 5, K k S may not give better performance in regional analysis.
Next, in order to avoid the bias of the number of examples, we apply regional analysis for every pair of regions. Table 5 illustrates the F-value and the AUC of 5-fold cross validation classifying nucleotide sequences in one region as positive examples from nucleotide sequences in another region as negative examples by using the phylogenetic tree kernels K t AM , K t LP and K r LP , respectively. Note that Table 3 shows that the difference between the number of phylogenetic trees in AF and OC is 1, one in OC and ME is 21, and one in ME and SA is 33. Even such regions, K t AM , K t LP and K r LP succeed to classify except for K t AM for the regions of ME and OC. In particular, for K t AM and K t LP the F-value and the AUC in Table 5 are larger than ones in Table 4 . Furthermore, K r LP succeeds to classify completely all regions with the F-value and the AUC of 1.
CLASSIFICATION OF POSITIONS IN NUCLEOTIDE SEQUENCES
In the classification of positions in nucleotide sequences, we divide positions into positive positions in target positions and negative positions not in target positions for a set of nucleotide sequences. Then, in the phylogenetic tree kernels, we use two different phylogenetic trees reconstructed from a set of nucleotide sequences at positive positions and one at negative positions, respectively. Hence, the number of leaves in a relabeled phylogenetic tree obtained from positive positions is same as one from negative positions, which is the number of nucleotide sequences. On the other hand, the number of relabeled and trimmed phylogenetic trees obtained from positive positions is different from one from negative positions, which is the length of nucleotide sequences.
Packaging Signal
The negative-sense RNA genome of the influenza A virus is composed of eight different segments, that is, PB2, PB1, PA, HA, NP, NA, MP and NS. Since influenza virions do not typically package more than eight segments, the virus has evolved a selective packaging mechanism which ensures that virions incorporate one copy of each of the eight segments. A packaging signal is a nucleotide to cause such a selective packaging mechanism (Hutchinson et al., 2010) . Through reverse genetics, segment-specific packaging signals have been found in unique regions adjacent to the panhandle of each segment. Table 6 represents the positions as packaging signals obtained by reverse genetics summarized by (Hutchinson et al., 2010) in Virology. Here, the column "NCBI" denotes the corresponding positions in nucleotide sequences of segments in influenza A (H3N2) viruses provided from NCBI (Bao et al., 2008) . Also the column (+) (resp., (−)) denotes the total number of positive (resp., negative) positions.
Packaging Signal Analysis
In packaging signal analysis, we use 1560 nucleotide sequences of influenza A (H3N2) viruses. Then, Table 7 illustrates the F-value and the AUC of 5-fold cross validation classifying positive positions from negative positions by using the nucleotide sequence and the phylogenetic tree kernels through LIBSVM (Chang and Lin, 2013) . Here, we can obtain no value of K t AM for the NS segment. Table 7 : The classification of positive positions from negative positions.
PB2 PB1 PA HA NP NA NS Table 8 illustrates the F-value and the AUC of 5-fold cross validation classifying positive positions after the removal of positions from randomly selected negative positions with the same number of positive positions by using the nucleotide sequence kernels except K k S and the phylogenetic tree kernels. Hence, Table 7 
CONCLUSION
In this paper, we have classified nucleotide sequences and positions in them of influenza A viruses by using the phylogenetic tree and the nucleotide sequence kernels. Then, we have observed that both the nucleotide sequence kernels and the phylogenetic tree kernels are effective to the pandemic classification. Also the nucleotide sequence kernels and the leaf-path kernel are effective to the packaging signal analysis. Furthermore, the phylogenetic tree kernels and none of nucleotide sequence kernels are effective to the regional analysis.
In the case that the phylogenetic tree kernels succeed to classify, two different phylogenetic trees reconstructed from positive and negative examples or positions work well as background knowledge in our classification. This is typical for regional analysis which the nucleotide sequence kernels fail to classify.
It is a future work to apply the regional analysis to influenza A (H3N2) viruses and the analysis of positions in packaging signals to influenza A (H1N1) viruses. It is also an important future work to compare the correlated mutations (Shimada et al., 2012) with our results and to analyze our results from the viewpoints of Virology. Furthermore, it is a future work to analyze, classify and evaluate another nucleotide sequences by using the phylogenetic tree kernels and the nucleotide sequence kernels.
